In this Letter, we show that the explosive percolation is a novel continuous phase transition. The order-parameter-distribution histogram at the percolation threshold is studied in Erdős-Rényi networks, scale-free networks, and square lattice. In finite system, two well-defined Gaussian-like peaks coexist, and the valley between the two peaks is suppressed with the system size increasing. This finite-size effect always appears in typical first-order phase transition. However, both of the two peaks shift to zero point in a power law manner, which indicates the explosive percolation is continuous in the thermodynamic limit. The nature of explosive percolation in all the three structures is belong to this novel continuous phase transition. Various scaling exponents concerning the order-parameter-distribution are obtained.
I. INTRODUCTION
Percolation [1] , the simplest model presenting continuous phase transition, is one of the fundamental problems in statistical physics, since it provides deeper understanding of many other issues through Fortuin-Kasteleyn representation [2] . The percolation model itself has applications to a wide variety of different systems, ranging from sol-gel transition and polymerization [3, 4] , to conductivity of composite materials and flow through porous media [5, 6] , to spreading process and robustness in networks [7] [8] [9] [10] [11] [12] . Hitherto the critical properties in most of these systems are well described by the universality of percolation model in corresponding dimensionality.
Strikingly, Achlioptas, D'Souza, and Spencer [13] reported that the percolation transition for the Erdős-Rényi (ER) model [14] may become discontinuous, through a modified growth procedure known as product rule (PR). They found at the percolation threshold an abrupt jump in the size of the largest component, which was named as explosive percolation (EP) compared with the traditional continuous percolation transition. In light of this, subsequent studies were devoted to uncovering the underlying mechanism of EP [15] , proposing new models for EP [16] [17] [18] [19] [20] [21] , and studying EP transition with different topologies and dimensionalities [22] [23] [24] [25] [26] . Recently, two empirical studies focused on the EP in human protein network [27] and social network [28] .
While further investigations confirmed the abrupt transition in EP, it was also shown that the critical distribution of cluster sizes follows a power law [26] , which manifests the features characteristic of the second-order phase transition. The contradictions make the nature of explosive percolation transition a controversial issue in statistical physics, which needs to be clarified. Recent research proves that the explosive percolation is a weak continuous phase transition in mean-field structure [29] [30] [31] [32] . It is reminiscent of the weak first-order phase transition [33] in five-state Potts model [34] , where, since the correlation length is very large at transition point, the accessible system size in numerical simulation is always in the critical region, and thus the picture of cluster distribution is characterized by fractal shapes rather than smooth droplets. The weak first-order phase transition is hard to establish due to its proximity and resemblance to a critical point, and weak continuous phase transition is hard to confirmed due to the smallness of the critical exponent for the order parameter.
However, in this Letter, we show that the explosive percolation is not a traditional weak continuous phase transition by examining the distribution histogram of the order parameter G defined as the fraction of vertices in the largest cluster. Three structures are considered, such as ER network, scale-free (SF) network, and two-dimensional (2D) lattice. Three key features are observed in all these structures. Firstly, we find that in finite system two well-defined Gaussian-like peaks coexist in the order-parameter-distribution histogram at the percolation threshold, which represent the nonpercolative phase and percolative phase, respectively. Secondly, the probability of realizing a configuration in the intermediate phase between the two peaks is suppressed as a power law with the system size increasing. Finally, both of the two peaks shift to zero point in power law manner. These observations indicate the explosive percolation is a continuous phase transition with first-order-like finite-size effect. Various scaling exponents concerning order-parameter-distribution are obtained.
II. METHOD
For concreteness, numerical simulations were performed according to the original PR process [13] : In each turn, two unoccupied edges are randomly chosen; the one which minimizes the product of the masses of the clusters it joins is retained. For square lattice, we imposed periodic boundary conditions in both directions to reduce the boundary effect. For SF network, we adopted the model by Chung and Lu (CL) [36] to build the network. Specif- ically, every vertex in the system is assigned a weight beforehand according to the desired degree distribution, and at every time step, two edges are independently selected with probability proportional to the product of the weights of the vertices at the end of each edge. Then the PR is used to decide which is the next occupied edge. The controlling parameter p denotes the number of added edges divided by the system size N . We measured the order-parameter-distribution histogram H(G, p) for each p through extensive Monte Carlo (MC) simulations. According to the standard probability theory, the number of realized configurations with order parameter G is
where Z(p) is the normalization factor and Q(G, p) is the order-parameter probability density function, i.e., the probability that, after pN edges are added with PR process, the fraction of vertices in the largest cluster is G. When the number of realizations increases to infinity, H(G, p) is identical to Q(G, p) multiplied by a constant. Intuitively, we have A(G, p) = − ln H(G, p), and thus at a given p the location of the global minimum in A(G, p) denotes the most probable size of the giant component.
III. RESULT AND DISCUSSION
Our computer implementation makes use of the effective Newman-Ziff algorithm [37] for tracking the largest cluster in the system. We carried out 10 6 MC sweeps per vertex to achieve high statistical accuracy for H(G, p). In Fig. 1 , we show the behavior of A(G, p) near the percolation threshold p c for both PR model and traditional random growth (RG) model. It is well known that the percolation transition with RG is continuous, which is reproduced in the simulations (see Fig. 1 (d) (e) (f)). As p passes through the percolation threshold, there is only one global minimum in A(G, p), which implies the order parameter grows continuously from one phase to the other. For PR model, the situation is completely different. As p goes below the critical value, a local minimum appears in the region of large order parameter, and its value gradually approaches that of the global one. Right at the percolation threshold p c , the two minima have equal depth, indicating that the nonpercolative and percolative configurations are realized with equal probability. When p is beyond p c , the second minimum becomes global and percolative phase dominates. The physical picture of the whole process [35] is reminiscent of the Landau theory of first-order phase transition. This is the first finite-size property of explosive percolation. In the following, we perform detailed finite-size scaling analysis of A(G, p c ). An important quantity is the depth of the minima (corresponding to the peaks in H(G, P )), ∆A, relative to the local maximum (corresponding to the valley in H(G, P )) in-between corresponding to the intermediate phase. For typical first-order phase transitions [38, 39] , with the system size increasing, ∆A also monotonically increases as the minima gradually develop, and eventually goes to infinity in the thermodynamic limit. We show here that this property also exists in explosive percolation. Since p denotes the number of added edges which is not continuous, it is more convenient to calculate the depth with ∆A = A max − (A the value of A max , we found it adequate to use the same fit. Figure 2 shows the simulation results for the sizedependent behavior of A(G, p c ). Indeed, the depth of the minima monotonically increases with system size, and tends towards infinity in the thermodynamic limit. Furthermore, a clear relation between ∆A and the logarithm of N is observed,
In other words, the relative probability of finding a configuration in the intermediate phase is suppressed, as the system size increases, in power-law manner with exponent θ. It should be noticed that θ ER = 0.310(1) for ER network and θ 2D = 0.097(1) for square lattice are very different. For SF network, this scaling relation holds for λ > 2.0 (see the inset of Fig. 3 ). As λ increases, the value of exponent θ gradually approaches that for ER network, and at λ → ∞ the CL model is identical to ER model. In fact, θ(λ) is already saturated for λ > 3.0 (see Fig. 3 ), where with PR the SF network generated by CL model is hardly distinguishable from ER network [24, 26] . The exponent θ for different structures is listed in Table I . This is the second finite-size property of explosive percolation. The locations of the two minima in order-parameter dimension, G + and G − , directly measures the jump of the order parameter at percolation threshold. In all the three structures, both of G + and G − shift to zero in a power law manner, G ± ∼ η ± . As N increases, the two minima gradually get close to each other, and in the thermodynamic limit they merge at the transition point of the order parameter, where it presents a continuous phase transition. Actually, in the research of explosive percolation on scale-free network where another field, the degree distribution exponent λ, comes into play, it was claimed that there exists a tricritical point (TP) at λ c ∈ (2.3, 2.4), above which the EP transition is first order [24] . At the same time, however, careful finite-size scaling analysis implied that for λ < 3.0 the EP transition is continuous [25] . Our results indicate that explosive percolation in scale-free network is continuous in the whole range of λ. The scaling behavior of G ± in scale-free networks are displayed in Fig. 4 . As λ increases, the value of exponents η ± gradually approaches those for ER network. The exponents η ± for different structures are listed in Table I .
IV. CONCLUSION
In this Letter, we show that the explosive percolation is a novel continuous phase transition in ER network, scalefree network, and 2D lattice. By examining the orderparameter-distribution histogram at percolation threshold, it is found that two well-defined Gaussian-like peaks coexist, which represent the nonpercolative phase and percolative phase, respectively. Moreover, the probability of realizing a configuration in the intermediate phase between the two peaks is suppressed as a power law with the system size increasing. On the other hand, two peaks gradually get close to each other with the system size increasing, and in the thermodynamic limit they merge at the transition point of the order parameter. These observations suggest the explosive percolation is a continuous phase transition with first-order-like finite-size effect.
ACKNOWLEDGMENTS
The author (L. T.) thanks Robert Ziff, Peter Grassberger, Bernardo Huberman, and Lei-Han Tang for stimulating discussions and suggestions. The financial supports from CX07B-033z and BCXJ07-11 are acknowledged.
